Neisseria meningitidis (Nm) and N. gonorrhoeae (Ng) are closely related pathogenic bacteria. To compare their population genetics we compiled a dataset of 1145 genes found across 20 Nm and 15 Ng genomes. We find that Nm is seven-times more diverse than Ng in their combined core genome. Both species have acquired the majority of their diversity by recombination with divergent strains, however we find that Nm has acquired more of its diversity by recombination than Ng. We find that linkage disequilibrium declines rapidly across the genomes of both species. Several observations suggest that Nm has a higher effective population size than Ng; it is more diverse, the ratio of non-synonymous to synonymous polymorphism is lower, and linkage disequilibrium declines more rapidly to a lower asymptote in Nm. The two species share a modest amount of variation, half of which seems to have been acquired by lateral gene transfer and half from their common ancestor. We investigate whether diversity varies across the genome of each species and find that it does. Much of this variation is due to different levels of lateral gene transfer.
123 In most analyses we treated genes independently. However, to detect hLGT we ran 124 ClonalFrameML (Didelot & Wilson 2015) on a concatenation of the protein coding sequences 125 from the core genome of both species. Genes were concatenated randomly without respect for 126 synteny. For some analyses we masked those regions inferred to be due to hLGT in the strains 127 affected.
128 129 We investigated whether linkage disequilibrium (LD) declines with the distance between sites 130 by measuring the LD between all pairs of polymorphisms within each gene; we did not 131 concatenate the genes or align whole genomes, because with the gain and loss of genes the 132 distance between sites differs depending on the strains being analysed. We measured LD using 133 the r 2 statistic (Hill & Robertson 1968) . LD values were then assigned to bins based on the 134 distance between the two sites -10bp bins between 1-100bp, a bin from 101-200bp and then 135 200bp bins between 201-800bp. We took the average LD and distance between sites for each 136 bin in a manner which weighted each gene equally -we estimated the average LD and distance 137 for pairs of sites in each bin for each gene and then averaged those values across genes. To 138 estimate the approximate half-life of LD, we found the distance between sites that gave 139 approximately half the LD between the LD for the 1-10bp bin and the asymptotic value of the 140 LD. 141 142 Because r 2 is constrained to be positive, the expected value of r 2 is greater than zero even when 143 there is no LD. To calculate the expected value of r 2 when there is no LD, we considered two bi-144 allelic loci with alleles at frequencies p 1 and p 2 . The expected frequencies of the four haplotypes 145 are p 1 p 2 , p 1 (1-p 2 )…etc. from which we generated four random variates from a multinomial 146 distribution for a sample size of N chromosomes using Mathematica version 11; for each 147 sample of haplotypes we calculated r 2 . We repeated this procedure 10,000 times and calculated 148 the mean to estimate the expected value of r 2 . We found that the expected value of r 2 is 149 independent of the allele frequencies.
150 151 To investigate the relationship between the non-synonymous,  N , and synonymous,  S , 152 nucleotide diversity we used a variation of the method of James et al. ) to 153 combine data from different genes. If the distribution of fitness effects of new mutations is a 154 gamma distribution (assuming most mutations are deleterious) then log( N ) is expected to be 155 linearly correlated to log( S ) if there is variation in N e ). However, for many 156 genes either  N or  S is zero, hence we need to combine genes together. We can do this by 157 splitting the synonymous polymorphisms into two groups according to whether they were in an 158 odd or even numbered codon and then using the two groups to estimate two synonymous 159 nucleotide diversities that have independent sampling errors,  S1 and  S2 . One of these,  S1 , 160 was used to rank and group genes, and the other was averaged across genes in the group to 161 give an unbiased estimate of  S for the group.  N was also averaged across the genes in the 162 group.
163
164 To investigate the diversity around sites that are fixed between Nm and Ng for different alleles 165 we focused on genes that had at least one synonymous polymorphism and one fixed difference 166 between the two species. For each fixed difference, we identified all the synonymous 167 polymorphisms that were within 1 kb and we grouped them by windows of 100 bp. Since, 168 background selection can potentially lead to a lower dip in diversity around fixed non-169 synonymous mutations we normalised the diversity around fixed synonymous and non-170 synonymous substitutions by dividing the number of synonymous polymorphisms in a particular 171 window by the total number of synonymous polymorphisms in the gene, multiplied by the 172 window size over the gene length. We are interested in how genetic variation is generated and distributed in the two Neisseria 178 species N. meningitidis (Nm) and N. gonorrhoeae (Ng) . Although, the presence and absence of 179 genes in the strains of the two species is an important aspect of this problem, here we focus on 209 obtained from very closely related strains and hence may reflect the value of r/m before 210 natural selection has had an opportunity to operate. In Ng it has been estimated that 2.2x as 211 much variation is introduced by recombination ( Ezewudo et al. 2015) , which is very similar to 212 our estimate. The estimates of r/m mean that ~87% of all polymorphisms in Nm are a 213 consequence of recombination, whereas in Ng it is 66%. The difference between the two 214 species in the influence of recombination is largely driven by a difference in the ratio of the rate 215 at which recombination is initiated versus the mutation rate (R/), since although the tract 216 lengths are estimated to be on average slightly longer in Nm, they introduce slightly less 217 variation than Ng (Table 2) .
218
219 ClonalframeML estimates the ratio of R and  but not their absolute values. However, we can 220 estimate the absolute value as follows. We note that the nucleotide diversity is due to the input 221 of mutation and the input of recombination: i.e.  =  + R  . If we note that ClonalframeML 222 gives us an estimate of R/ we can rewrite this equation as  =  +    R/, from which we 223 can estimate  = /(1+  R/). Estimates of R and  are given in Table 2 . From this it is evident 224 that the nucleotide diversity is higher in Nm both because of a 3-fold greater mutational input 225 and a nine-fold greater rate at which recombination tracts initiate in Nm, at the population 226 level (i.e. when the tract length initiation rate and mutation rate are multiplied by N e ).
228
The parameters R and  are the rates of recombination initiation and mutation, multiplied by 229 the effective population size. Hence a simple reason why both parameters are higher in Nm 230 might simply be that Nm has a higher N e than Ng. To test this idea, we masked all sequences 231 that were identified as due to hLGT by ClonalframeML and estimated the levels of non-232 synonymous and synonymous diversity. Under a model in which synonymous mutations are 233 neutral and non-synonymous mutations are deleterious, but drawn from some distribution, we 234 expect  N / S to be lower in species with high N e ; this is because selection is more effective in 235 species with higher N e and hence the proportion of mutations that are effectively neutral is 236 lower (Ohta 1972; Ohta 1977; Ohta 1992) . This is what we find - N / S = 0.095 (SE = 0.0023) in 237 Nm versus 0.23 (0.014) in Ng. These are significantly different to each other (normal test z = 9.5, 238 p<0.001). 239 240 As we described above, Nm and Ng share a modest amount of genetic variation. It is of some 241 interest whether this is a consequence of hLGT or the inheritance of genetic variation from 242 their common ancestor. If we exclude those sequences inferred to be due to hLGT we find that 250 homologous recombination with divergent strains, of the sort detected by ClonalFrameML, 251 generates LD because it simultaneously introduces many polymorphisms that are initially linked 252 to each other. However, homologous recombination amongst a set of closely related strains 253 breaks-up LD. To investigate how these two forces play out, we calculated the LD between all 254 pairs of sites within each gene and plotted these as a function of the distance between sites. As 255 expected we observe a decline in LD with distance ( Figure 1A ). Both species show similar 256 patterns with LD declining rapidly; in Nm the approximate half-life is 30bp and in Ng it is 100bp.
257 The decline could be due to two processes. If most hLGT fragments tend to be short, with 258 decreasing numbers of long fragments, then LD will be greater between closely linked sites.
259 However, we also expect a decline due to recombination between closely related strains, and in 260 fact we observe a decline even when we focus on those parts of the genome which do not 261 appear to have undergone hLGT ( Figure 1B) . 276 Nucleotide diversity is known to vary across the genomes of many organisms. This is largely 277 thought to be driven by variation in the mutation rate or variation in the effects of linked 278 selection. However, in bacteria, and particularly Nm and Ng, it could also be due to variation in 279 the frequency of hLGT. All of these processes are expected to affect synonymous and non-280 synonymous diversity to greater or lesser extents, and indeed we observe a positive correlation 281 between non-synonymous and synonymous diversity, demonstrating that both vary across the 282 genome in concert. At least part of this pattern is driven by hLGT because genes with hLGT 283 show higher  N and  S values than genes without any evidence of hLGT ( Figure 2) . 284 285 However, to investigate whether there is also variation in the effective population size across 286 the genome we removed sequences inferred to be due to hLGT by ClonalFrameML from our 287 data. This reduces our data substantially and so to reduce statistical sampling issues we used 288 the method of James et al. (2016) to combine data from different genes. We find that  N and  S 289 are still significantly correlated suggesting the correlation between them is not just driven by 290 hLGT (Ng slope = 0.23, p<0.001; Nm slope = 0.53, p<0.001)( Figure 3 ). The remaining correlation 291 could be due to variation in the mutation rate or variation in the effects of linked selection. We 420 what the comparative patterns are. The patterns are similar in the two species, but they are 421 consistent with a difference in N e since the decay in LD is faster in Nm and asymptotes at a 422 slightly lower value. In both species the asymptote is above what is expected under free 423 recombination even taking into account sampling error and the fact that r 2 cannot be negative 424 (see above). The asymptote might be above this level for two reasons. First, there might be a 425 balance between drift and recombination. In a gene conversion model of recombination, a non-426 zero asymptote is expected because once sites are further apart than the gene conversion tract 427 length, then increasing distance does not increase the rate of recombination. The asymptote is 428 then determined by a balance between drift increasing LD, and recombination breaking it 429 down. The second explanation is that there is population sub-structure in both species. It has 430 been argued, based on the phylogeny of strains that there is substructure in Nm (Budroni et al. In Nm it has been suggested that this structure arises because different sets of 433 strains have different restriction modification systems (Budroni et al. 2011 ). However, the 434 correspondence between clades of strains and these systems is not clear cut .
436
We find as others have found in some other species, that diversity varies across the genome in 437 Nm and Ng, and that this variation affects both synonymous and non-synonymous sites. This is 438 in large part driven by hLGT; regions of the genome with high rates of hLGT have high diversity.
439 However, when we focus on the part of the genome that is inferred not to have undergone 469 A central assumption in our analysis is that ClonalFrameML (Didelot & Wilson 2015) has 470 correctly identified regions of the genome that have undergone hLGT. The method identifies 471 the presence of hLGT from a clustering of mutations along an inferred clonal phylogeny; a 472 sudden burst of mutations along a branch in the phylogeny, that are spatially clustered 473 together in the genome are inferred to be due to hLGT. It will therefore be difficult for the 474 method to detect hLGT with relatively similar or short sequences. Furthermore, because we 475 have used a concatenation of protein coding sequences in our ClonalframeML analysis it may 476 be difficult to detect hLGT at the start and end of genes, because we will not have the flanking 477 sequences which provide additional support for hLGT. To investigate whether this latter effect 478 is important, we plotted the number of inferred hLGT events as a function of the distance from 479 the start or end of genes. We found that events are inferred slightly less often at the start/end 480 of genes, but the effect is not large ( Figure 5 ).
482
The fact that ClonalFrameML has probably missed some hLGT events suggests that we may 483 have underestimated the input of variation from hLGT in both species -i.e. we have 484 underestimated r/m. However, an inability to correctly detect all hLGT events is unlikely to 485 explain the differences in the relative contribution of hLGT and mutation in the two species, 486 since both species have been treated identically. An inability to detect hLGT may however 487 explain why  N and  S are correlated even in the parts of the genome with no apparent hLGT 488 and hence there may be little or no variation in N e across the genomes of Nm and Ng; there is 489 an expectation that  N /  S is likely to be lower amongst hLGT fragments because the 490 polymorphisms will be dominated by mutations that are fixed between species. Furthermore, it 491 is possible that all the variation that is shared between Nm and Ng is a consequence of hLGT 492 and we have not been able to identify all hLGT events. Manuscript to be reviewed Manuscript to be reviewed Correlation between non-synonymous and synonymous diversity across the genome. he correlation between the log of the non-synonymous nucleotide diversity and the log of the synonymous diversity for core genes in A) Nm and B) Ng. Points in green are genes with evidence of hLGT and red are those genes without evidence of hLGT. Note that some genes are excluded because they have either no non-synonymous or synonymous diversity. Manuscript to be reviewed Manuscript to be reviewed
